A 105-kilobase bacterial artificial chromosome (BAC) clone from the ovate-containing region of tomato chromosome 2 was sequenced and annotated. The tomato BAC sequence was then compared, gene by gene, with the sequenced portions of the Arabidopsis thaliana genome. Rather than matching a single portion of the Arabidopsis genome, the tomato clone shows conservation of gene content and order with four different segments of Arabidopsis chromosomes 2-5. The gene order and content of these individual Arabidopsis segments indicate that they derived from a common ancestral segment through two or more rounds of large-scale genome duplication eventspossibly polyploidy. One of these duplication events is ancient and may predate the divergence of the Arabidopsis and tomato lineages. The other is more recent and is estimated to have occurred after the divergence of tomato and Arabidopsis Ϸ112 million years ago. Together, these data suggest that, on the scale of BAC-sized segments of DNA, chromosomal rearrangements (e.g., inversions and translocations) have been only a minor factor in the divergence of genome organization among plants. Rather, the dominating factors have been repeated rounds of large-scale genome duplication followed by selective gene loss. We hypothesize that these processes have led to the network of synteny revealed between tomato and Arabidopsis and predict that such networks of synteny will be common when making comparisons among higher plant taxa (e.g., families). genome evolution ͉ polyploidy
A rabidopsis is a model diploid plant species, ideal for sequencing because of its small genome (1) . Currently, more than 80% of the genome has been sequenced (http:͞͞www. arabidopsis.org͞agi.html), and the entire genome should be completed later this year, revealing the complete gene repertoire of a higher plant and providing insights into plant genome organization (2) . However, the full potential of the Arabidopsis sequence will be realized only when its genome structure, gene content, and gene functions can be understood in relationship to its own evolutionary history and to that of other plant species. It is through comparative genomics that researchers will deduce the mechanisms and pathways by which plant genes and genomes have diverged to give the diversity of form, function, and adaptation that now characterize the world's flora. On the practical side, it is expected that the genomic sequence of Arabidopsis can be used to predict gene content and gene function in crop species, most of whose genomes are too large for genomic sequencing any time in the near future.
There are two underlying assumptions required for extrapolating genomic information from Arabidopsis to other plant species. (i) Arabidopsis and all higher plants have inherited gene order and gene content, with modifications, through common ancestry. (ii) The individual genes, now present in modern day plant species, can be used to reconstruct ancestral gene order and content. These assumptions have already been tested and largely verified for species within plant families. For example, in the grass family (Poaceae), which contains such familiar crops as corn, wheat, rice, and millet, gene order has been conserved in large blocks, often comprising entire chromosomes or chromosome arms (3) . Comparative sequencing and cross-hybridization of cDNA clones in the grasses have also demonstrated that gene content and often gene function are also conserved (4, 5) . Similar results have been obtained with studies in the nightshade family (potato, tomato, and pepper; refs. 6 and 7). However, in the mustard family (Brassicaceae), which includes Arabidopsis, cabbage, and broccoli, genomes seem to have evolved differently from the grasses or nightshades. Although gene content is conserved, the genomes of mustard species are often highly rearranged relative to one another; gene duplications are common, and at least some of them are due to polyploidy (8, 9) .
Although comparisons among genomes have been quite common for species within plant families, comparisons between plant families have been rare and fraught with technical difficulties. Specifically, reduced gene similarities between plant families have made comparative mapping, via common probes and Southern hybridization, problematic if not impossible. Nonetheless, research by Paterson et al. (10) suggests that blocks of linked genes are conserved across higher plant families and even between the highly divergent monocots and dicots. Comparative sequencing data of Arabidopsis and rice have been used both to refute (11) and to support (12) this hypothesis.
Tomato and Arabidopsis belong to two different families (Solanaceae and Brassicaceae, respectively) that diverged early in the radiation of dicotyledonous plants (Fig. 1) . As determined by fossil evidence, the two families separated more than 90 million years ago (MYA) (13) . Mitochondrial DNA sequence comparisons place the divergence at 112-156 MYA (14) . Because of their early divergence, a comparison of the tomato and Arabidopsis genomes should provide a glimpse of gene and genome evolution since the radiation of dicotyledonous plants and provide information relevant to the large number of species (including many crop plants) that fall within the tomato-Arabidopsis clade (Fig. 1 ). With these considerations in mind, we have compared, via sequencing and computational analysis, the gene content and gene order of a 105-kilobase (kb) segment of tomato chromosome 2 to its homoeologous counterparts in the Arabidopsis genome.
Materials and Methods
A bacterial artificial chromosome (BAC19; hereafter referred to as Tomato II) from the ovate-containing region of tomato chromosome 2 was isolated previously (H.-M.K., unpublished work), subjected to shotgun sequencing, and assembled with the PHRAP software package (15, 16) . The resulting Tomato II sequence was 105,308 bp assembled from 3,257 reads with a 7-fold average depth of coverage and a minimum 3-fold depth of coverage. The nonvector ends of the contig were verified by end sequencing the BAC clone. The completed sequence was then analyzed for putative ORFs by using the gene prediction programs GENSCAN (17) and GENEMARK.HMM (18) with Arabidopsis settings. Further verification of the predicted ORFs was provided by BLAST searches (version 2.0.11; ref. 19 ) against the expressed sequence tag database (dbEST; refs. 20 and 21). By using TBLASTX and TBLASTN with the BLOSUM62 substitution matrix, both the complete BAC sequence and each putative tomato ORF were searched against the tiling path of the Arabidopsis genome sequence (http:͞͞www.arabidopsis. org͞). The positions of TBLASTX matches were confined to predicted tomato and Arabidopsis ORFs, except for one match that involved only part of T6. The threshold for reporting a match of a tomato ORF to a specific Arabidopsis BAC was an expect value of ϽE
Ϫ20
. The translated BLASTprogram was chosen over other versions of BLAST, because homologous amino acid sequences were detected more easily over the large evolutionary distance separating Arabidopsis and tomato.
On finding Arabidopsis sequences with high scoring matches to individual tomato ORFs, the predicted coding sequences of the Arabidopsis ORFs were isolated from the GenBank annotation. These included Arabidopsis accession numbers (with clone names in parentheses) AC006135 (F24H14), AL132979 (T3A5), Z99708 (C7A10), and ABO18119 (MSN2). ABO18119 (MSN2) had no annotation in GenBank and was analyzed for predicted ORFs with GENSCAN Table 1 and Fig. 2 for detailed information on ORFs.
(expect value ϽE Ϫ10
). The number of nonsynonymous nucleotide substitutions per site (d N ) was calculated for the regions of the coding sequences corresponding the aligned peptide substrings by using a codon-based substitution model (23) as implemented in the PAML software package (14) . The substitution matrix followed a proportional model, and the four-state discrete gamma distribution of rate variation among sites, the autocorrelation in rate between sites, and the transition-transversion ratio were all estimated from the data. The observed distribution of pairwise d N values was strongly bimodal, with Ͻ5% of the values between 0.5 and 1. Therefore, an upper threshold of d N ϭ 1 was chosen to avoid including what were presumably spurious alignments. The connected components in the graph connecting ORFs with pairwise d N Ͻ 1 were extracted and realigned, again by using CLUSTALW. Pairwise divergence values were recalculated, as before, excluding residues with gaps. In application of the molecular clock, divergence times were calculated as t ϭ d N ͞(2r), where r is the rate of nonsynonymous substitutions per lineage per site per year.
All computational analyses (except BAC assembly) were performed on Velocity, a 256-processor Dell͞Intel cluster running Microsoft Windows NT͞2000 at the Cornell Theory Center (http:͞͞www.tc.cornell.edu).
Results and Discussion
The tomato genome has not been sequenced; therefore, it was important to select, for comparative sequencing, a portion of the genome for which the putative orthologous counterpart of Arabidopsis had already been sequenced. This selection was accomplished through a combination of strategy and fortuity. The ovate gene, controlling fruit shape, resides on chromosome 2 of tomato and has been the focus of developmental͞genetic mapping studies, and several BAC clones containing this locus have been isolated ( Fig. 2; ref. 24; H.-M.K., J.L., and S.D.T., unpublished work). Moreover, several ORFs near the ovate locus had been shown to have homologous matches to sequences in Arabidopsis accession Z99708 (C7A10) from chromosome 4 (H.-M.K., unpublished work). As a result of this finding, it was decided to sequence the entirety of a single 105-kb BAC (Tomato II) from the ovate region of tomato chromosome 2 ( Fig. 2) .
Estimates of Gene Density and Total Gene Number in Tomato. By using the gene finding programs GENSCAN and GENEMARK.HMM, 17 putative ORFs were identified in Tomato II (Table 1 . This finding is surprising, considering that the tomato genome contains more than 900 megabases of DNA compared with Ϸ120 megabases for Arabidopsis-more than a 7-fold difference (27) . If we extrapolate the gene density of Tomato II to the entire tomato genome, we estimate the total gene content of tomato to be 145,000 genes, considerably greater than the 20,000-25,000 estimated for Arabidopsis (1, 2) .
Tomato (and all species in the genus Lycopersicon) is considered to be a diploid (2n ϭ 24) with normal bivalent pairing and normal Mendelian segregation ratios. Moreover, the haploid chromosome number (n ϭ 12) is common for species throughout the family Solanaceae. Hence, the higher gene number in tomato cannot be explained by recent polyploidy. However, the possibility that tomato is an ancient polyploid (and therefore has significant gene duplication) cannot be excluded. Another likely explanation for the predicted high gene number is that the gene density of Tomato II may not be representative of the entire tomato genome. Considerable heterogeneity in gene density may exist among different portions of the tomato genome. It is already known that tomato has substantial segments of repetitive DNA, both at telomeres and in the centromeric heterochromatic DNA (28), both of which are likely to have a much lower gene density than the euchromatic region from which Tomato II was isolated. However, we cannot exclude the possibility that tomato and other solanaceous species do have an overall gene content significantly greater than Arabidopsis. (Figs. 2 and 3 ). The number of ORF matches between Tomato II and individual Arabidopsis regions was seven matches for AthIV, five matches for AthII, three matches for AthV, and two matches for AthIII ( Figs. 1 and 2) . However, together, these four BACs account for matches to 12 of the 17 ORFs in Tomato II (Fig.  2) . These results are consistent with all segments having diverged from a common template as described above. Moreover, we interpret the results to reflect two additional properties of the evolutionary history of Arabidopsis and tomato. (i) The different gene content of the Arabidopsis and Tomato II homoeologous segments reflects progressive gene loss after duplication as seen in yeast (30) .
(ii) Deletion of individual genes must have occurred more frequently than rearrangements (e.g., inversions and translocations), because the latter would have resulted in changes in gene order that were not observed in this study.
Comparison of Length and Gene Content of Conserved Syntenic Intervals Between Tomato II Homoeologous Segments in Arabidopsis.
It was possible to compare the overall length (in base pairs) of intervals flanked by syntenic ORFs in Tomato II and the 
for Arabidopsis).
Although each of the syntenic intervals in Arabidopsis contains fewer predicted ORFs than the corresponding tomato interval, the majority of the ORFs on Tomato II do have counterparts in one of the four matching Arabidopsis segments (Figs. 2 and 3) . Hence, each of the four Arabidopsis segments is deficient in more than one of the ORFs found on Tomato II, but together, the four segments have retained conserved matches to most of the tomato ORFs (Figs. 2 and 3) . Therefore, Arabidopsis does not seem to have an overall diminished gene repertoire (compared with tomato and for the regions examined), but rather, the matching counterparts to Tomato II ORFs are scattered throughout the four different syntenic segments of Arabidopsis. A possible explanation for this phenomenon is that, subsequent to large-scale duplication events (leading to the four matching segments AthII, AthIII, AthIV, and AthV), selected members of the resulting duplicated gene sets were eliminated progressively in the Arabidopsis lineage. If this hypothesis proves correct, then the gene content͞organization of Tomato II more closely matches that of the ancestral dicot genome than does any one of the matching Arabidopsis segments.
Evidence for a Transposition Event into Tomato II?
In Arabidopsis, the homoeologous matches to the ORFs on Tomato II are nearly all contained in the AthII, AthIII, AthIV, and AthV network described above. The only exception was Tomato II ORF T7 (Fig. 2) . For T7, no significant match was found within the AthII, AthIII, AthIV, and AthV network. However, a very strong match (TBLASTX E value ϭ E Ϫ144 ) was found with an Arabidopsis ORF on a segment of chromosome 3 (BAC F15B8) that is 2.5 megabases from AthIII. The simplest interpretation of this finding is that T7 was transposed into the Tomato II segment after tomato and Arabidopsis diverged. Such a transposition may have been transposon-mediated-a mechanism well documented in plants (31, 32) .
Alignments of Multiple Ortholog Sets-Evidence That Most Introns
Predate the Divergence of Arabidopsis and Tomato. By using the sets of syntenic ORFs, it is possible to determine how well intron positions have been conserved since the divergence of the tomato and Arabidopsis genomes. Comparison of each tomato ORF and its best corresponding match in Arabidopsis revealed that of 56 introns (analysis restricted to regions with clear amino acid alignments), 42 (21 pairs) or 75% are in corresponding positions. The 25% of introns not in common were as likely to occur in Arabidopsis as in tomato. These results indicate that tomato genes, on average, do not have more introns than their Arabidopsis counterparts; therefore, intron number cannot account for the difference in DNA content between the two species. Moreover, the position of most introns probably was established before the divergence of tomato and Arabidopsis, which is estimated to be more than 100 MYA (13, 14) .
Consistent Bias Toward Longer Introns and Intergenic Spaces-Evidence for Less Efficient Monitoring͞Removal of Noncoding DNA in the
Tomato Lineage? Although intron number and position are largely conserved between tomato-Arabidopsis homologs, individual in-trons were, on average, twice as long in tomato as in their Arabidopsis counterparts: tomato average ϭ 387 bp; Arabidopsis average ϭ 143 bp; (P Ͻ 0.001, based on paired t test). To compare intergenic spacer lengths, it was necessary to find consecutive ORFs in Tomato II that had clear, conserved counterparts in individual Arabidopsis segments. Only two such intervals were identified (Tomato II.3-Tomato II.4 versus AthIV.3-AthIV.4; and Tomato II.13-Tomato II.14 versus AthIV.8-AthIV.9; Fig. 2) . In both instances, the intergenic spacers were longer (23% and 75%, respectively) in tomato than in their Arabidopsis counterparts. Further, when all inter-ORF spacers in Tomato II are compared with all inter-ORF spacers in AthII, AthIII, AthIV, and AthV, the average spacer length of tomato spaces was 37% greater than that of Arabidopsis: (tomato average ϭ 3,085 bp, n ϭ 16, SD ϭ 2,583; Arabidopsis average ϭ 2244 bp, n ϭ 120, SD ϭ 2,088). Thus, both types of comparisons indicate that inter-ORF (or intergenic) spacers are longer in tomato than in Arabidopsis.
That both introns and intergenic spacers are longer in tomato than in Arabidopsis suggests that there is an overall difference between the two lineages in the rates of accumulation or deletion of noncoding DNA. The greatly increased fraction of nongenic DNA in maize relative to rice seems to be due to the explosion of transposable elements in the maize lineage (33) . However, there is no apparent excess of transposable elements in the tomato noncoding DNA. Differences in deletion rate seem to explain some of the variation in genome size in insects (34) and is more consistent with our observations in this study. Differences in the rate of accumulation or deletion of noncoding DNA may reflect positive selection for optimal cell size, as advocated in ref. 35 , or may be due to other biochemical or life history pressures. In that regard, it is worth noting that tomato is a perennial in its native habitat, whereas Arabidopsis is a weedy annual.
Duplicated ORFs Within Segments. Within the region examined on Tomato II, a single tandem duplication was observed (ORFs T8 and T9; Figs. 2 and 3) . The divergence estimate for T8-T9 is saturated for d N , suggesting that this tandem duplication preceded the divergence of any of the five chromosomal segments seen in this study. Other ancient tandem duplications were found in AthII (ORFs 14 and 15), AthIII (ORFs 10 and 11), and AthV (ORFs 5-7; Figs. 2 and 3 ).
Matches Between ORFs in Inverted Orientation. As described earlier, gene order is largely conserved in homoeologous regions of the tomato and Arabidopsis genomes (Figs. 2 and 3) . Interestingly, in several instances, the corresponding homoeologous ORFs (between Tomato II and the matching Arabidopsis segments) were in reversed orientation (opposite strands; Fig. 2 ). Of the 12 ORF:ORF matches that link Tomato II to Arabidopsis, three (TomatoII.4:AthIV.4; TomatoII.11:AthIV.7; and TomatoII.12: AthV.11) have reverse orientations despite the fact that they reside in otherwise conserved syntenous regions (Figs. 2 and 3) . It has been shown previously in Caenorhabditis elegans and Drosophila that a significant portion of adjacent gene duplications are in opposite orientation (36, 37) . It is therefore plausible that the inverted ORF matches found in the current study resulted from inverted gene duplication followed by loss of the copy in the original orientation.
Use of the Molecular Clock to Date the Large-Scale Duplication Events.
Because no ortholog is shared among all segments (Figs. 2 and 3) , the topology and branch lengths of the phylogenetic tree connecting the five homoeologous regions must necessarily be inferred by combining evidence from different sets of orthologs. The median distance matrix (Table 2) suggests that AthII and AthIV as well as AthIII and AthV are two monophyletic clades that diverged at roughly the same point in time (Fig. 3) . It seems plausible that these two duplications resulted from a single whole-genome duplication event (e.g., polyploidization). The grouping of these two clades in the phylogeny is also supported by the large number of shared ancestral genes within each putative clade (Fig. 3) .
We assume a clock-like rate of nucleotide substitution to date the duplication and divergence events, but calculated dates must be treated with caution. We have used d N , even though nonsynonymous substitutions are typically more erratic than synonymous substitutions, because d S is saturated for nearly all comparisons. Calibration of the clock for plant nuclear genes is based on only a handful of pairwise comparisons-six in ref. 38 and nine in ref. 39 -both based on a single fossil event, the divergence of the pooid and oryzoid grasses 50-70 MYA. Extrapolation to more divergent comparisons and the use of alternative methods of calculation introduce additional uncertainties. Nonetheless, taking 9.4E Ϫ 10 year
Ϫ1
as the typical rate of nonsynonymous substitution for plant nuclear genes (39), the median d N value of 0.21 yields an estimated divergence time of approximately 112 MYA for both pairs of sister segments.
The branching order among tomato and the two putative Arabidopsis clades is not clear. However, because there are two sets of orthologous genes that link Tomato II with AthII and AthIV and another two that link Tomato II with AthIII and AthV, we can calculate estimates of the branch length between the more recent Arabidopsis duplication and the common ancestor of Arabidopsis and tomato. This length, assuming an ultrametric tree, is L ϭ (d T,A1 ϩ d T,A2 Ϫ 2d A1,A2 )͞4, where T is the ortholog on the tomato segment, A1 and A2 are the corresponding orthologs on the two Arabidopsis segments, and d X,Y denotes the d N estimate between orthologs X and Y. We can then estimate the ratio of the older to the more recent branch length by using the equation R ϭ 2L͞d A1,A2 . Using these formulae, we obtain estimates of L ϭ 0.06-0.12, and R ϭ 0.3-0.8, with overlapping ranges for estimates from the two different clades. This overlap implies that the first duplication in Arabidopsis occurred either shortly before or sometime after the divergence of the two species; however, the exact branching order is unknown. The median and mean value of R are both Ϸ0.6, which suggests that the speciation event occurred roughly 70 MY before the most recent duplication within Arabidopsis or 180 MYA. Taking the median of all divergence values between all orthologous matches between tomato and the four Arabidopsis segments yields an alternative tomato-Arabidopsis divergence estimate of about 150 MYA. These numbers are comparable to the estimate of 112-156 MYA obtained in ref. 14 with mitochondrial sequence data. The inferred phylogenetic relationships and divergence estimates are summarized in Fig. 3 .
In summary, we are led to hypothesize two large-scale duplication events in the antecedents of the Arabidopsis genome, the results of which are the segments of chromosome 2-5 under study (Figs. 2 and 3) . The best documented mechanism capable of generating such large-scale duplications in plants is polyploidy. It is estimated that up to 70% of all living plant species are of polyploid origin (40, 41) . Given the large phylogenetic distance between tomato and Arabidopsis, it seems plausible that two polyploidization events may have occurred in Numerator, median nonsynonymous divergence; denominator, number of pairwise ORF comparisons (see Table 1 ). na, not applicable.
the lineage of Arabidopsis resulting in the four large-scale duplications (i.e., AthII, AthIII, AthIV, and AthV) described in this article. It is important to note the possibility that Tomato II also has duplicate, matching segments within its genome (also as a result of polyploid events); however, there is no evidence bearing on this issue at the current time.
Predictions of a Polyploidy Model for the Origin of the Duplications.
The model presented above and in Fig. 3 makes some very clear testable predictions. First, if two rounds of polyploidy in the Arabidopsis lineage are the cause of these reported duplications, then further analyses should reveal similar networks of homoeologous sets of segments elsewhere in Arabidopsis. In this regard, a recent comparative mapping study between soybean and Arabidopsis presents evidence for patterns of duplications in Arabidopsis compatible with a polyploidization model (42) . Second, if at least one of these proposed polyploid events occurred before the divergence of the tomato and Arabidopsis lineages, then tomato (and many other dicotyledonous plants) should show vestiges of the duplication event(s) in their genomes. Third, the model predicts that Arabidopsis and most flowering plants are likely ancient polyploids, and as comparisons are made across greater and greater phylogenetic distances, the likelihood increases that polyploidy has occurred (subsequent to speciation) in the lineage of one or both species being compared. If this prediction is correct, comparisons across families of plants will not result in matches between single homoeologous segments but rather in matches among sets of homologous genes and duplicated gene segments.
Estimating the Gene Number of the Ancestral Dicot Genome. If polyploidy was a factor in the evolution of the Arabidopsis genome, the gene number for the progenitor of Arabidopsis and tomato (and hence many other higher plant families) could have been considerably less than the 20,000-25,000 genes estimated for Arabidopsis (1, 2) . Assuming that the pattern of postduplication gene deletion observed in this study is typical of the Arabidopsis genome as a whole and that transposition of genes into and out of the four homoeologous blocks is negligible, we can estimate the number of genes present in the preduplication ancestor. There are 14 presentday genes shared among all four duplicated segments in the region bracketed by ORF.H and ORF.N in Fig. 3 (counting AthIV.8 and AthII.11 as 0.5 because of their ambiguous positions). The estimated number of ancestral genes is the number of paralogous components plus the number of present-day genes with no matches or 7.5. Thus, we estimate that the ancestral genome, before the duplications (and before the divergence of Arabidopsis and tomato) to have been approximately one-half the number of genes seen in the present-day Arabidopsis genome.
Conclusions
The cumulative results from the above analyses of the Tomato II BAC and its corresponding counterparts in Arabidopsis, suggest the following modes of genome evolution. At least two rounds of large-scale duplication (possibly polyploidy) occurred in the lineage leading to Arabidopsis. One of those duplication events is ancient and possibly predates the radiation of dicotyledonous plants; the other likely occurred after tomato and Arabidopsis diverged (Ϸ150 MYA). Moreover, on the scale of a BAC sized clone, gene order has been well conserved between Arabidopsis and tomato. Hence, on this scale, chromosomal rearrangements (e.g., inversions and translocations) have likely played a minor role in the divergence of genome organization among plants. Rather, the dominating factors have been repeated rounds of large-scale genome duplication followed by selective gene loss. Gene loss rates (per segment) seem to have been greater in the Arabidopsis lineage than in the tomato lineage.
Finally, results from this study indicate that syntenic relationships can be detected between the Arabidopsis genome and the genomes of more divergent families of plants based on gene homologies but that matches tying Arabidopsis to other plant genomes will not likely be based on single ortholog pairs but rather networks of homologous genes created by multiple rounds of genome duplication followed by gene divergence and gene loss. Establishing genome relationships among divergent plant families on a gene-for-gene basis may therefore be more complicated than originally expected. However, such analyses will eventually allow for an understanding of the events and mechanisms that have molded higher plant genome evolution and the exchange of sequence and functional information among species. Also, if Arabidopsis is indeed an ancient polyploid, then the Arabidopsis genome project will provide the first in-depth look at the structural and functional consequences of polyploidization in plants over very long periods of evolutionary time.
